In Arabidopsis, oxidation of the large (46-kDa) isoform activase to form a disulfide bond in the C-terminal extension (C-extension) significantly increases its ADP sensitivity for both ATP hydrolysis and ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) activation, thereby decreasing both activities at physiological ratios of ADP/ATP. In this study, we demonstrate that the C-extension of the oxidized large activase isoform can be cross-linked with regions containing residues that contribute to the nucleotide-binding pocket, with a higher efficiency in the presence of ADP or the absence of nucleotides than with ATP. Coupled with measurements demonstrating a redox-dependent protease sensitivity of the C-extension and a lower ATP or adenosine 5-O-(thiotriphosphate) (ATP␥S) affinity of the oxidized large isoform than either the reduced form or the smaller isoform, the results suggest that the C-extension plays an inhibitory role in ATP hydrolysis, regulated by redox changes. In contrast, the ADP affinities of the small isoform and the reduced or oxidized large isoform were similar, which indicates that the C-extension selectively interferes with the proper binding of ATP, possibly by interfering with the coordination of the ␥-phosphate. Furthermore, replacement of conserved, negatively charged residues (Asp 390 , Glu 394 , and Asp 401 ) in the C-extension with alanine significantly reduced the sensitivities of the mutants to ADP inhibition, which suggests the involvement of electrostatic interactions between them and positively charged residues in or near the nucleotide-binding pocket. These studies provide new insights into the mechanism of redox regulation of activase by the C-extension in the large isoform.
Rubisco
2 activase, a nuclear-encoded chloroplast protein, facilitates the conversion of Rubisco from an inactive to active form by releasing tightly bound, inhibitory sugar phosphates from the active site (1) . This process requires ATP hydrolysis by activase and is inhibited by ADP (2) . Activase belongs to an AAA ϩ (ATPase associated with diverse cellular activities) protein family, based on sequence homology of its central portion with common AAA motifs, and each monomer contains one nucleotide-binding pocket consisting of residues from Walker A, Walker B, and Sensor 1 domains (1, 3) . Site-directed mutagenesis and photoaffinity labeling (4) (5) (6) showed that the Walker A motif (GXXXGKS; P-loop) is involved in nucleotide binding. A conserved aspartate residue in the Walker B motif (hhhhDEXX, h ϭ hydrophobic residue) is involved in metal ligand binding and ATP catalysis (7) . The Sensor 1 region has also been implicated in the binding/coordination of ATP (6, 7) . Recently, two residues in the Sensor 2 domain were identified as determining specificity for Rubisco (8) , in agreement with the involvement of this motif in substrate recognition in other AAA ϩ members. Several residues in Box VII, which is part of the linkage between the Sensor 1 and Sensor 2 motifs, are essential for maintaining a functional enzyme. Two conserved arginine residues in this region (Arg 237 and Arg 240 in Arabidopsis) may act as "arginine fingers" to interact with (or sense the presence of) the ␥-phosphate group of ATP bound to an adjacent subunit and induce a conformational change necessary for subsequent ATP hydrolysis (9) . A nearby lysine (Lys 243 in Arabidopsis) was proposed to coordinate a precise interaction with the ␥-phosphate of ATP and to be involved in cooperative interactions between activase subunits (10, 11) . This proposal is supported by the involvement of a nearby tryptophan (Trp 246 in Arabidopsis) in an ATP-induced increase in the intrinsic fluorescence of activase (12) .
Although Rubisco activation requires ATP hydrolysis activity by activase, ATP hydrolysis does not require the presence of Rubisco, and the rate of hydrolysis is not tightly coupled to Rubisco activation (1, 2) . To avoid unregulated ATP hydrolysis by the activase, most plants (like Arabidopsis) have two isoforms of activase, and the large isoform appears to tightly regulate ATP hydrolysis of both isoforms at physiological ADP/ ATP ratios via thioredoxin-mediated redox changes (13, 14) .
The two isoforms in Arabidopsis and other plants (e.g. spinach, barley, rice, and cotton) differ only at the C terminus (15) (16) (17) (18) (19) . The activities of the oxidized large isoform are more sensitive to ADP inhibition than those of the small isoform, and this sensitivity is decreased when the large isoform is reduced. Two cysteines (Cys 392 and Cys 411 ) in the C-terminal extension (C-extension) are required for redox regulation of activase at physiological ADP/ATP ratios in vitro (13) and the capacity for down-regulation of Rubisco under the limiting light in vivo (14) .
Increased self-association of activase increases its activity (20 -22) , which is typical of many AAA ϩ proteins that typically function in an oligomeric ring structure. A connection between redox regulation of activase and monomer-oligomer exchange was proposed, based on the fact that the altered sensitivity to the ADP/ATP ratio of the large isoform via redox treatments is sufficient to regulate the activities of both isoforms when mixed at a 1:1 ratio, although the activity of the smaller isoform itself is not altered by redox treatments (23) . Recently, an effort to better understand the subunit interactions of activase was made by using mutants containing an introduced cysteine(s) near the N and/or C terminus of the small isoform of cotton activase and homobifunctional sulfhydryl-reactive cross-linkers (24) . The N and C termini of the small isoform, which is 40 amino acids shorter than the large isoform in cotton, were shown to be in close proximity. Moreover, cross-linking of the mutants enhanced their activity. However, no cross-linking was observed between the mutants and the wild type large isoform (24) .
Several key photosynthetic enzymes in the chloroplast stroma besides activase are regulated by thioredoxin (25) , and the molecular basis for regulation is provided by their structures. However, due to the lack of structural information for activase, the molecular details of how the C-extension confers redox regulation of its activity remain unclear. A hypothetical model (23) proposes that oxidation of a disulfide bond between Cys 392 and Cys 411 causes a conformational change in the C-extension that allows docking near or into the ATP-binding site(s) and thus hinders the proper binding of ATP. Here we provide support for this hypothesis by studies of the effects of site-directed mutagenesis of several negatively charged residues in the C-extension, redox-dependent changes in proteolytic sensitivity of this region, and cross-linking/peptide mapping.
EXPERIMENTAL PROCEDURES
Materials-1-Anilinonaphthalene-8-sulfonic acid and N-((2-pyridyldithio)-ethyl)-4-azido salicylamide (PEAS) were purchased from Molecular Probes (Eugene, OR). Biotinyl-iodoacetamidyl-3,6-dioxaoctanediamine (biotin_PEO) and immobilized, monomeric avidin-agarose were obtained from Pierce. ATP␥S was obtained from Roche Applied Science. ␣-Cyano-4-hydroxycinamic acid and biotin were purchased from Sigma. Sequencing-grade trypsin was purchased from Promega (Madison, WI). Thrombin was obtained from Novagen (Madison, WI). C18 Zip-tips and polyvinylidene difluoride membranes were obtained from Millipore (Bedford, MA).
Site-directed Mutagenesis, Protein Expression, and Purification-Site-directed mutagenesis and amino acid insertion were performed using a cDNA clone of the large (46-kDa) isoform of Arabidopsis Rubisco activase and the QuikChange kit from Stratagene (La Jolla, CA). All mutations were confirmed by DNA sequencing. Six single mutations and two double mutations at negatively charged residues were made: E390A, D394A, E398A, D401A, D407A, D408A, E390A/D401A, and D394A/E398A. A new cysteine residue was inserted at position 402 (C402  INS ) . Protein Expression and Purification-The recombinant activases and thioredoxin-f were expressed and purified as reported previously (13, 24) . Isolation of native Rubisco was performed as reported previously (26) .
Enzyme Activities-ATP hydrolysis activity of activase at different ADP/ATP ratios was determined by measuring the formation of inorganic phosphate from ATP as reported previously (13) . ATP hydrolysis in the absence of ADP was measured by coupling ADP production to NADH oxidation (26) . In the presence of ADP, the single step Rubisco activation assay was performed as reported previously (13) . In the absence of ADP, activation of the inactive Rubisco-RuBP complex by activase was measured by following 3-phosphoglyceric acid production in a coupled spectrophotometric assay (27) . Total Rubisco activity was assayed after preincubation of the inactive RubiscoRuBP complex with 15 mM NaHCO 3 and 15 mM MgCl 2 at room temperature for 15 min.
Nucleotide Binding Assay-Estimations of nucleotide binding using measurements of fluorescence quenching with 1-anilinonaphthalene-8-sulfonic acid were performed as reported previously (28) . Assays of binding using intrinsic fluorescence were performed as reported previously (21) . The K m for ATP hydrolysis of activase was estimated as described (27) .
Limited Proteolysis-Redox treatments of the recombinant large (46-kDa) Arabidopsis activase were performed as reported previously (13) . Reduced or oxidized activase was incubated with thrombin (29) at a ratio of 1/100 (w/w) in 50 mM HEPES and 20 mM KCl, pH 7.8. At each indicated time point, an aliquot of the hydrolysate was mixed with 2ϫ SDS sample buffer, boiled immediately, and analyzed by 12% SDS-PAGE. A 48-kDa control protein (Novagen) was used to examine the effect of reduction and oxidation conditions on the performance of thrombin.
Chemical Cross-linking of the C402 INS Mutant-The derivatization of activase with PEAS was performed as reported previously with some minor modifications (30 -32) . The C402 INS activase (2 mg/ml) was first incubated with 1 mM PEAS in a reaction buffer containing 50 mM HEPES (pH 7.6) and 20 mM KCl at 4°C in the dark for at least 2 h. For cross-linking in the presence of wild type small (43-kDa) isoform activase, the derivatized C402
INS was first passed through a Sephadex G-50 spin column into reaction buffer to remove excess PEAS before mixing with an equal amount of the small isoform activase. The samples were then mixed with 4 mM MgCl 2 only or 4 mM MgCl 2 plus 0.2 mM nucleotides (ADP or ATP) for 15 min before being transferred onto a prechilled 96-well plate. Cross-linking was initiated with long wave UV light by placing a hand-held UV source (model UVL-21 Blak-Ray lamp, Ultraviolet Products, San Gabriel, CA) directly onto the 96-well plate. UV exposure times were indicated.
Peptide Derivatization and Purification-The steps for identification of peptides cross-linked with the C-extension were modified from previous reports (30, 32) and are outlined in Fig.  5D . PEAS-derivatized and cross-linked C402
INS activase (Steps 1 and 2) was desalted to remove excess cross-linker and denatured by incubation at 65°C for 15 min. The newly exposed sulfhydryl (-SH) groups on activase were then derivatized with 4 mM iodoacetamide at room temperature in the dark (Step 3). To allow enrichment and facilitate the identification of SHcontaining peptides from the large pool of tryptic peptides (see below), a further derivatization with biotin_PEO before trypsin digestion, followed by avidin-agarose affinity purification, was performed (Steps 4 -7). First, the iodoacetamide-derivatized activase was incubated with 8 mM DTT to reduce the native disulfide bonds in activase and the disulfide bond formed by PEAS derivatization followed by desalting to remove excess DTT (Step 4). Then, the newly released -SH groups were immediately derivatized by incubation with 10 mM biotin_PEO in the dark at room temperature for 2 h (Step 5). After removing excess biotin_PEO by desalting into 50 mM NH 4 HCO 3 (pH 8.5), the samples were incubated with a sequencing grade trypsin modified by reductive methylation (Promega) at a 1:50 (w/w) ratio of protease/activase at 37°C overnight (Step 6). To purify the biotin_PEO-derivatized peptides by avidin-agarose (Step 7), the beads (40 l) were prepared first by incubating with biotin (1 mg/ml) to block the non-exchangeable biotin-binding sites. Then the agarose beads were washed with 20 bed volumes of 0.1 M glycine-HCl (pH 2.0) followed by an equilibration with 20 bed volumes of phosphate buffer (pH 7.4). The biotin_PEO-derivatized peptides were incubated with the equilibrated avidin-agarose at room temperature for 2 h. The beads were washed with 100 bed volumes of phosphate buffer (pH 7.4), and the bound peptides on avidin-agarose were eluted with biotin (1 mg/ml). Four fractions (100 l) were collected. To increase the elution efficiency, the agarose beads were incubated for 20 min at room temperature in between each fraction.
Mass Spectrometry-Avidin-agarose purified tryptic fragments of Rubisco activase were first desalted on a high pressure liquid chromatography C18 reverse phase column (Vydac 218TP TM ) with H 2 O/ACN to remove biotin and salts. Mass analysis was performed by using MALDI-TOF (Applied Biosystems Voyager-DE STR) (see Fig. 5D , Step 8) . Before the mass analysis, the peptide samples were further desalted using C18 Zip-Tips (Millipore). Purified peptides were then mixed with an equal volume of ␣-cyano-4-hydroxycinamic acid matrix solution (in 50% acetonitrile/ 0.1% trifluoroacetic acid) and subjected to mass spectrometry (Mass Spectrometry Laboratory at the University of Illinois). Mass spectra were taken by using the linear mode (30, 32) . Immunoblot Assay-Proteins were separated on 12% SDSpolyacrylamide gels and transferred onto polyvinylidene difluoride membranes. Membranes were incubated with primary antibodies against either spinach activase at dilution of 1:8000 or a synthesized 36-amino acid length of the C-terminal peptide (380 -415; Fig. 1 ) of 46-kDa Arabidopsis activase at dilution of 1:4000. IRDye 700-labeled goat anti-rabbit secondary antibodies (LICOR, Lincoln, NE) were used at dilution of 1:10,000 or 1:20,000 (Rockland, Gilbertsville, PA). Visualization was accomplished by scanning the membranes with a LICOR Odyssey infrared image system (LICOR, Lincoln, NE), and bands were quantified with the Odyssey V1.2 application software. (Fig. 1) . Alanine replacement of these negative residues was performed to examine their potential roles. Among the six single mutants, only E390A, D394A, and D401A exhibited ATP hydrolysis and Rubisco activation activities significantly higher than the recombinant wild type at an ADP/ ATP ratio of 0.33 (data not shown). Two double mutants were then made to examine combined effects (Fig. 2, A and B) . In the absence of ADP, the double mutants E390A/D401A and D394A/E398A had higher (2.3-and 1.8-fold, respectively) ATP hydrolysis and higher (2.2-and 1.7-fold, respectively) Rubisco activation activities than the wild type. At an ADP/ATP ratio of 0.33, a typical condition for the chloroplast stroma in the light, E390A/D401A was much less sensitive to ADP inhibition with 4.6-fold higher ATP hydrolysis and 6.6-fold higher Rubisco activation activities than the wild type. Replacement of D394A/ E398A was less effective than E390A/D401A, resulting in 2.3-fold higher ATPase and 3.6-fold higher Rubisco activation activities than wild type at an ADP/ATP ratio of 0.33.
RESULTS

Effects of Mutation of Negatively Charged Residues on the C-extension-Six
It is possible that the lower ADP sensitivity of the mutants is mainly due to an altered redox potential of the nearby cysteines. Therefore, the equilibrium redox midpoint potentials (E m ) for the ATP hydrolysis activity of the mutants E390A, D401A, and E390A/D401A were compared with the recombinant wild type enzyme at pH 7.9 as described previously (23) . The redox titrations were all fitted by the Nernst equation for a single, twoelectron component, with midpoint potentials very close to that of wild type (data not shown).
Nucleotide Binding by Rubisco Activase-Nucleotide binding by the recombinant wild type and mutant activase isoforms was compared by determining the apparent dissociation constants (K d ) for ADP and ATP␥S with 1-anilinonaphthalene-8-sulfonic acid fluorescence quenching (11, 12, 28) . Binding of ATP␥S was also determined by intrinsic fluorescence enhancement as a function of nucleotide concentration (22) . Binding of ATP was estimated from the concentration dependence (K m ) of ATP hydrolysis (22) . After reduction by thioredoxin and DTT, the apparent dissociation constants (K d ) for ATP␥S and K m of ATP hydrolysis of the large (46-kDa) isoform decreased to 60 and 40% of those of the oxidized form, respectively, and thus became more similar to those of the small (43-kDa) isoform ( Table 1 ). The observed effects of redox on ATP binding were somewhat less but otherwise consistent with a previous report (23) . In contrast, the K d values for ADP of the small isoform and the reduced or oxidized large isoforms were all similar. These results indicate that redox modulation of the C-extension on the large isoform changes the affinity for ATP or its analog ATP␥S but not ADP. This conclusion is further supported by the observation that a C-terminal Cys-to-Ala mutant (C411A), which cannot be redox-modulated (13), also has a higher affinity for ATP (or ATP␥S) than the oxidized 46-kDa isoform. In addition, the double mutant (E390A/D401A) with decreased sensitivity to ADP inhibition (Fig. 2, A and B) also exhibited higher affinities for ATP and ATP␥S than the oxidized wild type 46-kDa isoform, with values more similar to the reduced 46-kDa isoform (Table 1) . These results clearly indicate that the proper binding of ATP, but not ADP, in the nucleotide-binding pocket is selectively impaired only when the C-extension is oxidized and has negatively charged residues that might allow specific interactions with other residues near the nucleotide-binding domain.
Sensitivity of C-extension to Proteolysis-To demonstrate that conformational changes of the C-extension occur after redox treatments, sensitivity to a site-specific protease, thrombin, was compared between the reduced and oxidized forms of wild type 46-kDa activase (Fig. 3, A and B) . Thrombin has only one cleavage site at 372 GRG 374 (29) (Fig. 1 ) in the C-extension of the large isoform. The C-extension of the oxidized 46-kDa isoform remained almost intact after incubation with thrombin for 2 min, whereas 30% of the reduced isoform was cleaved to a 43-kDa band. A similar difference in sensitivity was observed at longer times of exposure. Immunoblots using antibody specific for the C-extension peptide (Fig. 3A) or whole enzyme (Fig. 3B) confirmed that the 43-kDa bands correspond to a C terminustruncated form of 46-kDa activase. The redox treatments had no effect on the proteolytic activity of thrombin as measured by using a 48-kDa control protein (data not shown).
Cysteine Insertion Mutation-A new cysteine residue was inserted at position 402 (named C402 INS ) in the C-extension of the 46-kDa isoform to examine the proximity of this domain to other regions of activase by chemical cross-linking. This approach has some similarities to previous studies that used the The nucleotide binding of activase was estimated either using apparent dissociation constants (K d ) for ADP and ATP␥S by measuring fluorescence quenching of 1-anilinonaphthalene-8-sulfonic acid (ANS)/activase complex and intrinsic fluorescence increase of activase in response to different nucleotides concentration respectively or the ATP concentration for half maximal ATP hydrolysis activity of activase. RCA46ox and RCA46red represent the oxidized and reduced larger (46-kDa) isoform of Arabidopsis Rubisco activase respectively. C411A is Cys 411 to Ala mutant of the larger isoform. RCA43 represents the wild type smaller (43-kDa) isoform activase without any redox treatments.
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smaller isoform and exploits the observation that the endogenous cysteine residues (outside of the C-extension) are not very reactive (7, 24) . In the absence of ADP, the C402 INS mutant had ATP hydrolysis and Rubisco activation activities comparable with those of wild type 46-kDa activase ( Table 2 ). The C402 INS mutant exhibited a similar redox-dependent sensitivity to ADP as the wild type (Fig. 4) . To examine whether the insertion mutation disturbs the formation of the disulfide bond between Cys 392 and Cys 411 , the redox midpoint potential of C402 INS was measured and found to be very close to that of wild type (data not shown).
Cross-linking with the C402 INS Mutant-PEAS was selected as the cross-linker due to its shorter spacer arm (15 Å) versus a similar cross-linker N-(4-(p-azidosalicylamido) butyl)-3Ј(2Јpyridyldithio) propionamide (Pierce) with a 21 Å arm. The successful application of PEAS for examining protein interactions has been reported previously (30 -32) . PEAS features a pyridyl disulfide group that can undergo disulfide exchange with thiol groups (Fig. 5A ). An aryl azide on the other end of PEAS becomes activated upon exposure to UV light and reacts nonspecifically by forming a nitrene, which undergoes ring expansion and reacts with nearby nucleophiles (33) . The cross-linked products can be released subsequently by cleavage of the disulfide bond introduced by PEAS modification with a reducing reagent to facilitate identification.
When PEAS-labeled C402 INS was used for cross-linking, a prominent band corresponding to a cross-linked multimer of activase was observed in the absence of nucleotides and in the presence of ADP or ATP after 2 min of UV photo-activation (Fig. 5B) . Less intense bands corresponding to cross-linked dimers and trimers of activase were also observed, particularly in the presence of ATP. The marked reduction in intensities (72% for no-nucleotides, 69% for ADP, and 41% for ATP after 2 min) of the 46-kDa bands indicate that extensive cross-linking between rather than within monomers occurred under all conditions. A prolonged (up to 10 min) UV irradiation did not significantly increase the cross-linking yields (data not shown). The cross-linking efficiency was very similar in the absence of nucleotides and in the presence of ADP but lower when ATP was present. Evidence of partial cross-linking between PEASlabeled C402
INS and non-modified wild type small (43-kDa) isoform activase was also observed when they were mixed at a 1:1 molar ratio (Fig. 5C ). No apparent cross-linking products were detected when either wild type 43-kDa or wild type 46-kDa activase was used alone (data not shown).
ATP hydrolysis and Rubisco activation activity were measured before and after C402 INS self-cross-linking (Table 2) . UV photo-activation of PEAS-labeled C402
INS abolished both its ATP hydrolysis and its Rubisco activation activities. Reduction by adding excess DTT after photo-activation did not recover the activities, although the higher ordered oligomers were almost completely converted into monomers (Fig. 5B) . As a control, PEAS modification without UV irradiation or UV irradiation of unmodified enzyme had only minor effects on the activities of C402 INS .
FIGURE 3. Sensitivities of the reduced and oxidized large isoform of activase to proteolysis. Conformational changes of the reduced and oxidized large isoform activase were detected by partial proteolysis using thrombin, a site-specific protease for the C-terminal extension. Wild type large isoform activase was incubated with thrombin for the indicated times after oxidation or reduction treatments. The sensitivity to proteolysis was analyzed by Western blots using an antibody raised against a C-terminal (36-amino acid) peptide (A) and an antibody raised against the full-length spinach activase (B). CK represents the control activase not exposed to thrombin. INS were inconclusive for clearly identifying modified peptides. Therefore, biotin_PEO derivatization and avidinagarose affinity purification were used to isolate peptides containing only free -SH groups generated by reduction of either the endogenous disulfide bond in the oxidized activase or the disulfide bond introduced by PEAS modification. A representative mass spectrum of biotin_PEO-derivatized peptides of C402 INS is shown in Fig. 6A (lower panel) . A total of seven peaks observed in three independent replications are summarized in Fig. 6A, (Fig. 5D, Steps 4 and 5). A low signal peak with an m/z of 3300.8 matched the mass of a peptide 380 -406 with one cysteine derivatized by iodoacetamide and another one by biotin_ PEO, possibly due to incomplete formation of the disulfide bond between Cys 392 and Cys 411 in the starting material. Two additional small peaks marked with asterisks could not be identified.
DISCUSSION
The Roles of Conserved Negatively Charged Residues in the C-extension-Our results show that the removal of negative charges contributed by Glu 390 , Asp 394 , and Asp 401 in the C-extension decreased the sensitivity of the large (46-kDa) isoform to ADP inhibition in a similar manner as observed with the Cys 392 and Cys 411 mutants (13) (Fig. 2, A and B) . The similar redox midpoint potentials of the mutants and wild type (data not shown) indicate that the decreased ADP sensitivities of the mutants are not due to a disturbance in the formation of the nearby disulfide bond (Cys 392 /Cys 411 ). In contrast, mutation of several polar or non-polar residues (Thr 410 , Val 412 , and Tyr 413 ) in the C-extension did not alter the redox regulation of the large isoform (23), suggesting a 
